corded. 6 Thirty-three percent of the patients with ruptured aneurysms were assigned Hunt and Hess Grades I and II, 32% Grade III, 27% Grade IV, and 8% Grade V. We carefully reviewed the relevant medical history. Thirty-one percent of the patients harbored multiple aneurysms. A history of hypertension was found in 53% of the patients. Sixty-six percent of the patients had a history of cigarette smoking. Only 15% of the patients had a family medical history significant for intracranial aneurysms.
Anatomical Factors
The most common aneurysm locations in this study were the anterior communicating artery (25%), basilar tip (20%), posterior communicating artery (15%), middle cerebral artery (10%), and ophthalmic segment of the internal carotid artery (8%). All other locations combined-that is, the carotid artery bifurcation, vertebrobasilar junction, the VA, superior cerebellar artery, anterior inferior cerebellar artery, and posterior inferior cerebellar artery-represented 22% of the total. The mean diameter of the aneurysms was 10 Ϯ 6 mm (standard deviation, range 2-40 mm), whereas the mean volume was 696 Ϯ 2054 mm 3 (range 5-21,980 mm 3 ). Fifty-five percent of the lesions possessed a neck diameter smaller than 4 mm, and 45% had a neck diameter of at least 4 mm or larger. Sixty-eight percent of the aneurysms had a dome/neck ratio greater than 2. The geometry or shape of the aneurysm was labeled as simple or complex. Simple lesions represented 55% of the aneurysms and were defined as any unilocular, smooth, and spherical aneurysm. Complex lesions constituted 45% of the aneurysms and were defined as any multilocular, irregular aneurysm. 18 The exact inflow of the aneurysm could not be accurately predicted from retrospective angiographic images without the use of 3D computerized rotational angiography. 25 To assess the influence of inflow characteristics on immediate posttreatment angiographic results and future negative events, we categorized aneurysms into the following types based on the postulated inflow patterns: terminus, bifurcation, and sidewall aneurysms. The aneurysms were categorized into terminus (23%), bifurcation (73%), and sidewall (4%) types, according to the relationship between the direction of flow in the parent vessel and the neck of the aneurysm. The terminus type was defined as having a 0˚ angle between the direction of flow in the parent vessel and the neck of the aneurysm, the bifurcation type as having an angle smaller or larger than 90˚, and the sidewall type as having a 90˚ angle.
Coil Embolization Procedure
The coil embolization procedures were performed while the patient was in a state of general anesthesia. Monoplane or biplane fluoroscopic guidance was used without the routine application of 3D computerized rotational angiography. This study did not include cases with stent-assisted or balloon remodeling techniques. Access was achieved via the right femoral artery in most cases. A No. 5 or 6 French guide catheter was placed in the internal carotid artery or VA, depending on the aneurysm location. After placing the guide catheter, the patient was systemically heparinized and activated clotting times were checked hourly. Using a coaxial technique, the microcatheter was navigated into the aneurysm over a microguidewire. The first coil was generally 1 mm smaller than the largest diameter of the aneurysm.
After successful activation of a coil, an angiographic image was obtained to check coil placement. The coil was then detached and additional coils in decreasing diameters and lengths were used to obliterate the aneurysm. This process was continued until the aneurysm was completely obliterated or it became physically impossible to insert more coils.
Technical Factors
The technical failure rate for endovascular coil embolization at the London Health Sciences Centre was 3.7% (six of 160 patients) between January 1995 and May 2003. The mean packing density in this patient cohort was 16 Ϯ 10% of the volume of the aneurysm and was calculated by a method previously reported. 17 Several specific technical factors, including catheter stability, intraluminal coils, intraprocedural perforation, thromboembolic events, and stroke, were examined to determine their influence on the immediate posttreatment angiographic result and the prediction of future negative events. Catheter instability occurred in 37% of the cases. Note that catheter instability was defined as any case that required an additional stabilizing catheter such as a Tracker 38 or an additional microcatheter (dual technique).
1 Furthermore, catheter instability was considered to have occurred when the microcatheter was dislodged from the aneurysm more than two times while placing coils. Intraluminal coils represented any loop or tail from a coil protruding into the parent vessel, which occurred in 22% of the cases. Thromboembolic events-defined as angiographic evidence of intraluminal thrombus, filling defects, procedure-induced stenosis, vessel occlusion, vessel dissection, or new computerized tomography or magnetic resonance imaging results indicative of stroke directly related to the coil insertion procedure-occurred in 24% of the patients. These events led to permanent neurological deficits in 8% of the patients. Intraprocedural perforation of the aneurysm occurred in 4.9% of the aneurysms (eight of 163) treated. Fifty percent of the patients (four of eight) with intraprocedure perforation died and were considered to have suffered immediate rebleeding. Fifty percent of the patients (four of eight) suffered minor to no morbidity from perforation.
Clinical and Angiographic Follow Up
In this study, 448.3 years of clinical follow up were analyzed. Eighteen percent of the patients (29 of 160) were excluded from the final analysis. Among these 29, technical failure occurred in six patients. In three patients, immediate posttreatment angiographic data were unavailable. Twenty patients had incomplete angiographic or clinical follow up. The frequency and intervals for clinical and angiographic follow up were subject to a certain degree of variability. The mean duration of follow up was 18.2 Ϯ 19.2 months (range Ͻ 1-76 months). Each patient was seen in the neurosurgery clinic 6 weeks after the embolization procedure or hospitalization and after every subsequent followup angiography study. Initial follow-up cerebral angiography studies were recommended between 6 months and 1 year, and if the results were stable, for incremental periods thereafter (18 months, 3 years, and so forth). More frequent follow-up visits (that is, every 3-6 months) were recommended for patients with unstable or large aneurysm remnants.
Angiographic Evaluation
Immediate posttreatment angiography was performed in multiple projections. The results were classified into a modified scheme: Class I, complete obliteration, 100% occlusion; Class II, near-complete obliteration with a small neck remnant, greater than 95% occlusion; or Class III, incomplete obliteration with evidence of residual filling or large aneurysm remnant or lobule, less than 95% occlusion (Fig.  1) . 18, 21 Results of additional follow-up angiographic studies were compared with previous images in equivalent projections, and the results were then classified as follows: complete obliteration, stable remnant, progressive thrombosis in remnant, or increase in remnant. Complete obliteration was defined as 100% occlusion with no evidence of any portion of the aneurysm dome or neck filling. A stable remnant was defined as one that demonstrated no change in size from its appearance on previous imaging. Progressive thrombosis in a remnant was defined as any aneurysm with a remnant that had decreased in size on follow-up angiograms. An increase in a remnant represented any aneurysm remnant that had increased in size or contrast filling.
Clinical Evaluation
The GOS was used to assess clinical outcome at the time of the last angiographic or clinical examination: 1, death; 2, persistent vegetative state; 3, severe disability; 4, moderate disability but independent; and 5, resumption of normal life activities. 9 
Statistical Analysis
Personnel from the Department of Epidemiology and Biostatistics at the University of Western Ontario performed the statistical analysis. Univariate and multivariate logistic regression analyses were used to examine demographic, anatomical, and technical factors associated with the immediate posttreatment result, that is, Class I, II, or III. The time to the first negative event and factors associated with a remnant increase, repeated treatment, rebleeding, or death during periprocedure hospitalization were determined using univariate and multivariate Cox regression analyses.
Results

Immediate Posttreatment Angiographic Results
Immediate posttreatment angiographic results were available in 151 (94.3%) of 160 patients. In six patients (3.7%), endovascular coil embolization was unsuccessful because of technical failure, and thus these patients were excluded from analysis. Immediate angiographic results were unavailable in three additional patients (2%). After critical analysis of the posttreatment angiographic results in multiple projections, only 16% (24 of 151 results) were classified as Class I, that is, complete obliteration with no evidence of a neck remnant. Fifty-seven percent (86 of 151 results) were considered Class II, or near-complete obliteration with a small neck remnant. Twenty-seven percent (41 of 151) of the posttreatment angiographic results demonstrated either a large filling remnant or residual filling in the aneurysm dome (Fig. 2 ).
Univariate and Multivariate Logistic Regression Analyses
Demographic, anatomical, and technical factors associated with the immediate posttreatment angiography results were analyzed using univariate and multivariate logistic regression ( Table 1) . Results of univariate logistic regression analysis demonstrated a statistically significant correlation between the immediate posttreatment result and catheter stability, aneurysm geometry (simple or complex), aneurysm neck diameter, packing density, and female sex. Other demographic factors such as age, clinical Hunt and Hess grade, history of tobacco smoking, hypertension, multiple aneurysms, and family history of intracranial aneurysms were not statistically significant. Anatomical factors such as aneurysm diameter, volume, location, and dome/neck ratio also were not statistically significant. Technical factors such as intraprocedural perforation, intraluminal coils, thromboembolic phenomena, and stroke were unrelated to immediate posttreatment angiography results. Taking all these factors into account in a multivariate logistic regression analysis, the strongest correlations were found with catheter stability, aneurysm geometry (simple or complex), and aneurysm neck diameter.
The immediate posttreatment angiography results proved to have significant impact on overall outcome. A strong correlation was found between the immediate posttreatment angiography classification and the likelihood of future negative events (OR 2.586, 95% CI 1.5-4.5, p Ͻ 0.001). Patients with Class III results were more likely to have repeated treatments, to die, or to rebleed. The only patients to suffer rebleeding in this series had Class III posttreatment angiography results (Fig. 3) . A significant association between immediate posttreatment angiography results and eventual GOS score was also demonstrated ( 2 = 4.788, p = 0.029). Patients with Class III results had the worst clinical outcome.
Time to Negative Event
Approximately 50% of the aneurysms treated with the insertion of coils demonstrated stable results (that is, complete obliteration, progressive thrombosis in remnant, and stable remnant) at a mean follow up of 18.2 months. Fifty percent of the patients (65 of 131) demonstrated unstable results and experienced negative events (remnant increase, repeated treatment, death during periprocedural hospitalization, or rebleeding). Figure 4 demonstrates the mean duration of time to a negative event, that is, 13 Ϯ 14 months following coil treatment.
At a mean angiographic and clinical follow-up period of 18.2 months, the results can be summarized as follows (Fig.  5) . Complete obliteration was demonstrated in 19.1% of the aneurysms (25 of 131). Progressive thrombosis in the remnant occurred in 9.2% of the lesions (12 of 131); that is, the aneurysm remnant decreased in size or contrast opacification. The aneurysm remnant was small and remained stable on follow-up cerebral angiography in 23.6% of cases (31 of 131). In contrast, 19.1% of the treated aneurysms (25 of 131) demonstrated a remnant that had increased in size. Nineteen (14.5%) of 131 patients required repeated treatment. Seven patients were retreated using endovascular coil insertion and 12 were retreated surgically. Two (10.5%) of 19 patients died as a direct consequence of the repeated surgical treatment. The first negative event for 17 patients (13%) was death. Four of the deaths (2.5%) among 160 patients could be directly attributed to rebleeding and/ or perforation during the procedure. An additional four patients died following the initial hospitalization because of the aneurysms. Two patients (1.5%) with unstable aneurysm remnants died of complications from repeated surgical treatment, and two patients (1.5%) died as a consequence of delayed rebleeding from the embolized aneurysm. Rebleeding during or after coil insertion occurred in 10 patients and was categorized as immediate (eight patients) or delayed (two patients). Immediate rebleeding was attributed to intraprocedural perforation or other technical complications. Two patients (1.5%) suffered delayed rebleeding after coil embolization and both died. The annual delayed rebleeding rate was 0.45% (Fig. 6 ).
Univariate and Multivariate Cox Regression Analyses for Future Negative Events
Results of multivariate Cox regression analysis demonstrated that the strongest correlation for the occurrence of negative events were the immediate posttreatment angiography results and rupture status ( Table 2) . Univariate Cox regression analysis established a statistical significance between the occurrence of negative events and immediate posttreatment angiography results, aneurysm rupture status, terminus inflow type, middle cerebral artery location, paraophthalmic location, thromboembolic events, and intraprocedural stroke. Demographic factors, including age, sex, history of multiple aneurysms, history of tobacco smoking, history of hypertension, and family history of intracranial aneurysms, were not statistically significant. Anatomical factors such as aneurysm geometry (simple or complex), neck diameter greater than 4 mm, and packing density did not reach statistical significance in relationship to future negative events. Aneurysm diameter, volume, and dome/ neck ratio also demonstrated no statistically significant association. In addition, technical factors such as catheter stability, intraluminal coils, and intraprocedural perforation were not predictive of future negative events (Table 2) .
Clinical Outcome
Glasgow Outcome Scale scores were available in 131 (82%) of 160 patients with a mean clinical follow up of 20.5 months. Twenty-one patients (16%) died (GOS Score 1).
One (0.7%) of 131 patients was in a vegetative state (GOS Score 2). Thirteen (10%) of 131 patients were severely disabled (GOS Score 3). Twenty-four (18.3%) of 131 patients had a moderate disability but were independent (GOS Score 4), and 72 (55%) of 131 patients had no deficit (GOS Score 5). Approximately 73% of the patients were independent or without deficit.
Discussion
As technology evolves and technical proficiency in endovascular coil embolization of aneurysms advances, considerable effort is devoted to obtaining the highest degree of aneurysm occlusion without leaving residual filling or a neck remnant. Despite best efforts, 38 to 64% of the aneurysms treated through endovascular coil insertion are incompletely occluded at the time of immediate posttreatment angiography studies. 4, [16] [17] [18] 28 Data from the present case series showed similar rates of incomplete occlusion and ex- 
FIG. 4. Graph illustrating the negative events curve (months to negative event)
. Among patients who experienced a negative event, which was defined as an increase in the size of the remnant, repeated treatment, rebleeding, or death during periprocedural hospitalization, the event occurred a mean of approximately 13 months posttreatment. The y axis represents the probability of survival without a negative event ography results. The immediate posttreatment angiographic result is one of the most important factors in regard to lesion recurrence and the occasion of negative events (Fig. 7) . 4, 18, 20 In addition, data in this study directly demonstrated a statistically significant relationship between the immediate posttreatment angiographic result and eventual GOS score. Patients harboring aneurysms with neck remnants and residual aneurysm filling tended to have a worse clinical outcome.
Catheter stability, aneurysm neck diameter, and aneurysm geometry (simple or complex), significantly influenced the immediate posttreatment angiography result. Catheter stability is dependent on several factors: the properties intrinsic to the microcatheter, the location of the aneurysm, and the tortuosity of the vasculature. Catheter instability occurs more commonly in distally located aneurysms, such as those situated at the A 2 and M 2 segments, and in vascular anatomy with multiple bends and acute turns. Achieving a stable catheter position is more difficult with smaller aneurysms. Catheter instability is encountered more frequently in older patients, with atherosclerotic disease and unfolding of the aortic arch. Longer sheaths, rigid guide catheters, stiffer microcatheters, triaxial techniques, and dual microcatheters can be used to facilitate coil insertion in such cases, although these items were associated with a greater chance of an incomplete immediate result.
The relationship between the aneurysm neck diameter and the success of endovascular coil occlusion has been well documented. 2, 3, 16, 18, 20 We found a statistically significant association between neck diameter and the immediate posttreatment angiography result. Aneurysms with a neck larger than 4 mm are more likely to have an immediate posttreatment neck remnant or residual filling. It is difficult to achieve complete obliteration of wide-necked aneurysms without the use of balloon-assisted or stent-assisted techniques. Contrary to other reports, we found no significant relationship between neck diameter and the occurrence of future negative events. 3, 18, 20 Interestingly, aneurysm geometry (simple or complex) played a more significant role in determining the immediate posttreatment angiograpic result than did aneurysm diameter, aneurysm volume, or dome/neck ratio. A multiloculated, irregular aneurysm is more difficult to pack uniformly with coils. Therefore, occlusion in complex aneurysms is often a result of thrombosis and clot formation from intraaneurysm stasis rather than dense coil packing. This process can be dynamic and less reliable in the long term. There is a greater chance of leaving an aneurysm remnant when trying to place coils within an irregularly shaped aneurysm (Fig. 8) . Most coils are not designed to conform to an irregular shape. 19 The results of this study indicated packing density as marginally related to the natural history of embolized aneurysms. Packing density was a statistically significant factor in determining immediate angiographic outcome on univariate logistic regression analysis, although it did not reach statistical significance on multivariate analysis. Low aneurysm coil packing density has been associated in the literature with an increased risk of aneurysm recurrence, especially if less than 25%. 14, 22, 24, 26, 30 The mean packing density in this case series was 16 Ϯ 10%. Packing density did not reach statistical significance in terms of predicting future negative events. Note that packing density is dependent on the calculation of aneurysm volume. Aneurysm volume was not a significant factor in determining the immediate angiographic result and predicting future negative events. Aneurysm volume was calculated using the formula for the volume of a sphere: V = 4/3(A/2 ϫ B/2 ϫ C/2). 17 This formula does not take into account complex geomet- ric forms or aneurysms that are partially thrombosed. Both of these factors may be responsible for an inaccurate estimation of aneurysm volume and thus affect the calculated packing density. In addition, a greater packing density does not always guarantee that the coils will fill complex shapes and pack the neck inflow zones.
Using univariate logistic regression analysis, we determined that women in this study were more likely to demonstrate immediate posttreatment incomplete occlusion on angiography studies. We have no scientific explanation for this finding, except that more women than men were treated in this study and that women generally have smaller blood vessels. Authors of some natural history studies have postulated that female sex is an independent risk factor for aneurysm growth and rupture. [11] [12] [13] Results of our multivariate logistic regression analysis failed to substantiate sex as an important factor.
Authors of previous natural history studies of intracranial aneurysms have found that hypertension, tobacco smoking, and a family history of intracranial aneurysms are associated with lesion growth and rupture. 7, [11] [12] [13] 27 In the present study, however, these factors had no statistically significant effect in determining future negative events (remnant increase, repeated treatment, rebleeding, and death) during the perioperative period.
The immediate posttreatment angiography result is not the only variable determining the eventual clinical and radiographic outcome. ed aneurysms may subsequently recur. 20 Other investigators have shown and our findings confirm that rupture status is implicated in the occasion of future negative events and recurrences independent of the immediate posttreatment angiography result. 18, 20 In fact, rupture status did not play a significant role in determining the immediate posttreatment angiography result. Without a doubt, a ruptured aneurysm is more likely to lead to a worse clinical outcome. 6 In our series and others, ruptured aneurysms have a higher rate of intraprocedural perforation and immediate rebleeding. 29 No patient with an unruptured aneurysm experienced delayed rebleeding in this cohort. The initial hemorrhage was responsible for many of the in-hospital periprocedural deaths. It was more likely that a ruptured, incompletely occluded aneurysm would require repeated treatment than an unruptured, incompletely occluded lesion. A ruptured aneurysm is more likely to have intraluminal or perilesional thrombus that can lead to coil migration and compaction. Vasospasm is generally unique to ruptured aneurysms. The presence of vasospasm can distort the neck/parent vessel relationship. As vasospasm resolves, blood flow can increase and the neck may open up, thus accounting for a higher rate of recurrences or remnant increases. 18 Endovascular treatment with detachable coils is followed by angiographic recurrences in 33.6% of cases and an annual delayed rebleeding rate from 0.9 to 1.4%. 10, 20 In the relatively short follow up in the current study, we found a high rate of future negative events and an annual delayed rebleeding rate of 0.45%. Fifty percent of the patients (65 of 131) experienced a negative event, remnant increase, repeated treatment, death, or rebleeding within 13 Ϯ 14 months. Most natural history studies of endovascular coil occlusion include major recurrence rates and rebleeding rates but usually exclude patients who died or rebled during periprocedural hospitalization, required repeated treatment, or had minor increases in neck remnants. 4, 5, 16, 18, 20, 23, 28, 31 We included all these factors in a more realistic assessment of the long-term durability of this treatment modality. Repeated treatment exposes the patient to additional, not insignificant risks. Note that two (10.5%) of the 19 patients died as a consequence of repeated treatment in this series. Any increase in a neck remnant was defined as a negative event. A remnant that increases in size represents active disease and exposes the patient to psychological stress, more frequent angiographic follow up, possible repeated treatment, and potential rebleeding.
Conclusions
Clearly, endovascular coil embolization has revolutionized the treatment of intracranial aneurysms. In a select group of patients in whom endovascular and neurosurgical clip application are judged to be equivalent therapeutic options, endovascular coil occlusion is associated with a better outcome than surgery at 1 year posttreatment. As we embrace endovascular coil embolization for the treatment of intracranial aneurysms and extol the superior short-term clinical outcomes, which have been confirmed in the International Subarachnoid Aneurysm Trial, 8 we must be acutely aware of the limitations of this technique and understand the factors significantly related to poor clinical and radiographic outcome. In this study, we demonstrated that catheter stability, aneurysm geometry (simple or complex), and neck diameter are critical determinants in predicting complete and successful endovascular occlusion. Overall clinical outcome was significantly related to the degree of occlusion revealed on immediate posttreatment angiography.
